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Summary
Practice makes perfect, but the neural substrates of
trial-to-trial learning in motor tasks remain unclear.
There is some evidence that the basal ganglia process
feedback-related information to modify learning in es-
sentially cognitive tasks [1–4], but the evidence that
these keymotor structures are involved in offline feed-
back-related improvement of performance in motor
tasks is paradoxically limited. Lesion studies in adult
zebra finches suggest that the avian basal ganglia
are involved in the transmission or production of an
error signal during song [5–7]. However, patients
with Huntington’s disease, in which there is prominent
basal ganglia dysfunction, are not impaired in error-
dependent modulation of future trial performance [8].
By directly recording from the subthalamic nucleus
in patients with Parkinson’s disease, we demonstrate
that this nucleus processes error in trial performance
at short latency. Local evoked activity is greatest in re-
sponse to smallest errors and influences the program-
ming of subsequent movements. Accordingly, motor
parameters are least likely to change after the greatest
evoked responses so that accurately performed trials
tend to precede other accurate trials. This relationship
is disrupted by electrical stimulation of the nucleus at
*Correspondence: p.brown@ion.ucl.ac.ukhigh frequency. Thus, the human subthalamic nucleus
is involved in feedback-based learning.
Results
Here, we investigate whether the subthalamic nucleus
(STN), a pivotal structure in the basal ganglia [9], is in-
volved in the offline feedback control of movement by
assessing optimal performance and biasing the selec-
tion of parameters for future movement appropriately.
The opportunity to record from the STN arises in pa-
tients with Parkinson’s disease (PD) undergoing amelio-
rative functional neurosurgery. Local field potentials
(LFPs) can be recorded postoperatively from depth
electrodes (Figure S1 in the Supplemental Data available
online) in the interval between their implantation and
subsequent connection to a subcutaneous stimulator.
In this interval, patients are alert and can be recorded af-
ter treatment with the dopamine precursor levodopa,
which improves movement and helps reverse the dopa-
minergic deficit that is central to this disease. We re-
corded from the STN bilaterally in six patients (cases
1–6 in Table S1) while they engaged in a PC ‘‘game,’’ in
which they had to produce a movement under circum-
stances that require temporal accuracy. In each trial of
the game, the subject would start the movement of
a spot on a computer screen by pressing a push-button
held in one hand and then, as accurately as possible,
would stop the spot as it crossed a target line in the mid-
dle of the screen by pressing a second push-button held
with the other hand (Figure 1A). Data from one STN side
were rejected because of suboptimal surgical targeting
of the STN (right side in case 3 of Table S1).
The amplitude of evoked STN activity in single trials
varied according to trial error in a systematic fashion.
By far the biggest potentials were seen in those trials
with the smallest error (Figures 1B and 1C). The size
of potentials dropped steeply with increasing error,
whether the spot was stopped short of or after the target
line. Accordingly, the relationship between evoked ac-
tivity and error was well modeled by taking of the loga-
rithmic transform of the absolute error in each trial and
correlation of this with the amplitude of evoked STN
activity (Figures 1D and 1E).
To determine when the STN LFP activity best corre-
lated with trial error, we correlated each data point in
the 1 s after stopping of the spot with log absolute error
for each contact pair. We selected the contact pair ex-
hibiting the highest coefficient of correlation on each
side for further analysis. An average of these data across
the 11 sides showed two peaks exceeding confidence
limits: the first from 115–312 ms and the second from
408–500 ms after the spot was stopped (Figure 2A, black
line). To ensure that this result was not dominated by
data from a single side, we determined the mean inci-
dence of significant correlations across the best contact
pair from each side. This gave a similar picture (Fig-
ure 2A, gray line). In addition, the mean number of
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2130Figure 1. Paradigm and Example Correla-
tions between LFP Activity and Error
(A) Schematic of paradigm. Movement of
a spot at constant velocity on screen is
started by depression of a button held in
one hand and stopped by depression of
a second button device held in the other.
Aim is for spot to end up bisected by the ver-
tical line in middle of the screen. Two spot
velocities were used and changed between
unrelated blocks of trials.
(B) Example of errors in stopping spot during
each trial. Negative errors mean that spot was
stopped before the vertical target line was
reached.
(C) Scatter plot of trial error and LFP ampli-
tude for early component recorded at contact
pair 01 of left side.
(D) Scatter plot of trial error and LFP ampli-
tude for early component recorded at contact
pair 12 of right side.
(E) Scatter plot of trial absolute error (log10
axis) and amplitude of evoked early LFP com-
ponent from data in (C). Regression line is
shown in black, and 95% confidence limits
(CL) are shown in gray; r = 0.625 and
p < 0.001.
(F) Scatter plot from data in (D). r = 0.693 and
p < 0.001. All data from case 1 in whom similar
patterns are seen with the left hand stop-
ping spot movement and with late LFP
component.significant correlations, separately averaged for each
task (left or right hand stopping the spot trajectory)
across these two time periods and the best contact
pairs on each side, inversely correlated with median ab-
solute error in each task (r =20.583 and p = 0.047). This
suggested a relationship between the evoked activity in
the STN correlating with accuracy and overall task per-
formance, whereby the evoked activity accounted for
34% of the variance in task performance across sub-
jects and tasks.
Thereafter, individual summary correlations were de-
termined by averaging of the LFP amplitude over the
two nonoverlapping sections with the 100 consecutive
data points with the highest correlations (Figure 2B)
and correlating these with log absolute error. Individual
summary correlations were available for all 11 sides.
With the exception of the late component on the left
side in case 2, all summary correlations were significant.
Averaging such correlations across sides suggested
that approximately 20% of the variance in the LFP ampli-
tude in single trials could be linearly related to trial error
(Figure 2C).
Four patients performed the task without vision-
dependant feedback at the end of the recording session.No correlations between LFP amplitude and log abso-
lute error (at p % 0.001) were detected in averages of
these runs, despite matching errors to performance
with vision offline. In contrast, averages of the correla-
tions over time at the same contact pairs in the same
four patients during performance in corresponding trials
with visual feedback demonstrated two peaks of sig-
nificant bins from 112–292 ms and 376–460 ms. This
suggests that the presence of correlations required
vision-dependent feedback of error and was not due,
for example, to the linear addition of independent poten-
tials, such as any motor potential evoked by each button
depression (Figure 3). On the other hand, visual input
alone, without self-generated movement, also did not
evoke significant correlating LFP activity. This was as-
certained when three patients were asked to concentrate
on the PC screen while the examiner performed the vi-
suomotor task (Figure 3). No correlations between LFP
amplitude and log absolute error (at p% 0.001) were de-
tected in averages of these runs. In contrast, averages of
the correlations over time at the same contact pairs in the
same three patients during performance in trials with
both self-generated movement and visual feedback
of error demonstrated a peak of significant bins from
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significance in this subgroup). Together, the above
control experiments imply that it is the conjunction of
vision-dependant feedback with the self-executed man-
ual task that is necessary to evoke correlating LFP activ-
ity rather than either component in isolation. Thus, the
results of the control experiments were compatible with
a motor error-monitoring process.
Importantly, correlations were focally distributed
across electrode contact pairs. The r2 for summary
early-component correlations declined by 65.6% 6
6.3% over remaining contact pairs. Similarly, the r2 for
summary late-component correlations declined by
68.0% 6 6.6% over remaining contact pairs. Moreover,
the summary early- and late-component correlations re-
versed sign between adjacent contact pairs that both
had significant correlations in 83% (5/6) and 38% (3/8)
of sides with at least two adjacent contact pairs showing
significant correlations. These observations provide
strong evidence that evoked LFP changes correlating
with error were focally generated in the vicinity of one
of the contact pairs of the deep brain stimulation (DBS)
electrode, which itself targeted the STN. In line with
this, all but one of the six contacts demonstrating the
phase reversal of correlations described above involved
contacts that were subsequently used for chronic
therapeutic stimulation (phase reversing early and late
components shared the same contact on two sides).
Figure 2. Group Data Showing Timing and Scale of Correlations be-
tween LFP Amplitude and Log Absolute Error
(A) Mean r2 averaged across contact pair showing best correlation
per electrode (black) and percentage of bins with significant correla-
tions (p% 0.001) averaged across the contact pair showing the best
correlation per electrode (gray) in 11 STN. Data were smoothed with
a running average of 12 bins. Bin resolution is 1 ms. Horizontal lines
is the data 95% CL of averaged r2.
(B) Timing of 100 ms periods with the highest correlations in the con-
tact pair selected for each side. Note both (A) and (B) show early and
late components centered around 200 ms and 450 ms.
(C) Mean coefficient of determination (r2)6 SEM. Evoked LFP ampli-
tude over the 100 ms with the highest correlations was averaged and
correlated with log absolute error. r2 were then averaged across the
11 sides. * = p % 0.001 different to zero (one-sample t test). There
was no difference between early and late components (p = 0.876, un-
paired t test).Irrespective of phase reversal, the actual contact pair
exhibiting the maximal correlation was evenly distrib-
uted along the DBS electrode (4, 3, and 4 each at con-
tacts 01, 12, and 23, respectively, for the early compo-
nent and 3, 4, and 3 each at contacts 01, 12 and 23,
respectively, for the late component, the late compo-
nent being absent on one side). Maximum correlations
with early and late components shared the same contact
pair in 70% (7/10) of possible sides. At contact pairs at
which both early- and late-component correlations
were significant, 82% (14 /17 contact pairs on 10 sides)
were of the opposite sign, suggesting that the early and
late components might often represent opposite phases
of the same evoked wave (Figure S2), with the precise
polarity of the wave (and hence the direction of the cor-
relation) being determined by the location of the contact
pair with respect to the wave generator.
Given the inverse relationship between overall task
performance and the strength of the correlation be-
tween evoked activity and accuracy and the fact that
the biggest evoked LFP activity in the STN region
came after trials with minimal error, we questioned
whether evoked LFP activity of high amplitude, in turn,
Figure 3. Correlations Rely on Vision-Dependant Feedback in Con-
junction with Self-Generated Movement
Example correlations between LFP amplitude and log absolute error
during a test and two control paradigms. Coefficient of determina-
tion between LFP amplitude and log absolute error in case 3 per-
forming the bimanual task with (100 trials) and without (93 trials)
vision-dependant feedback or with vision-dependant feedback of
the examiner’s performance of the bimanual task (79 trials) is shown.
Correlations are absent in the control situations. Upper and lower
panels are contact pairs 23 and 12, respectively. Note early and
late components were maximal at different contact pairs in this
example.
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Activity and Error in the Following Trial
(A) Difference in duration of spot movement
between trial evoking LFP activity and the fol-
lowing trial. Trials have been arranged in de-
scending order of negativity of the evoked
early LFP component recorded on the left at
contact pair 01 in case 1 with the right hand
stopping spot movement. Both individual
differences (gray) and the moving average
(n = 7) of these differences (black) are shown.
Duration of spot movement is less likely to be
changed after the more negative evoked
responses.
(B) Like (A), but with LFP component recorded
on the right at contact pair 12 in case 1 with the
right hand stopping spot movement.
(C) Group mean r26SEM between LFP ampli-
tude and difference in duration of spot trajec-
tory between evoking and subsequent trial.
* = p % 0.01 different to zero (one-sample t
test). No difference between r2 for early (n =
7) and late components (n = 8 and p = 0.670,
unpaired t test).
(D) Absolute difference in error between accu-
rate and following trials with and without STN
DBS. Averages of runs at both velocities are
shown across all nine blocks with baseline
normal performance. *p = 0.026 (paired t test).constrained the selection of parameters for the next
movement. Reordering trials with respect to the size of
the evoked LFP demonstrated that those trials with the
biggest evoked responses were followed by trials with
a spot-trajectory duration that changed the least (Fig-
ures 4A and 4B). In line with this, the amplitude of the
LFP activity correlated with the difference in duration
between the evoking and subsequent trial for either
early or late components or both in 73% (8 out of 11
sides). These correlations were highly significant and in-
dicated that approximately 10% of the variance in inter-
trial differences could be linearly related to preceding
LFP activity (Figure 4C).
In sum, the above data suggest that activity in the re-
gion of the STN after the trial’s end may be involved in
the evaluation of trial performance and in biasing of
the selection of motor parameters for the next trial ac-
cordingly. If so, and the degree of involvement of the
subthalamic region is behaviorally important, then local
manipulation of STN activity should disrupt perfor-
mance in our paradigm. The opportunity to test this
arises in PD patients receiving functional neurosurgery
once their STN DBS electrodes are chronically im-
planted. Although the mechanism of action of high-
frequency stimulation (HFS) through these electrodes
is complex and remains unclear, this mechanism effec-
tively mimics the effects of a local lesion [10]. This has
two results. First, HFS ameliorates behavioral impair-
ments because of dopaminergic denervation and con-
sequent abnormal functioning of the STN [10]. Second,
HFS can disturb the remaining physiological STN func-
tions, such as those that contribute to working memory
and response-inhibition performance [11].
Thus, we hypothesized that STN HFS would interfere
with the evaluation of trial performance and the biasing
of the selection of motor parameters for the next move-
ment. Accordingly, we predicted that trials with littleerror would be less likely to be followed by similar trials
during DBS. To prove this, we tested nine patients
(cases 7–15 in Table S1) with chronically bilaterally im-
planted STN electrodes on and off HFS. Patients en-
gaged in the same paradigm as above, with the same
(two) target velocities. To select data most likely to re-
flect physiological functioning in our task, we studied
patients on antiparkinsonian medication, so that their
motor performance was normalized as much as possi-
ble, and analyzed those runs of trials with performance
indistinguishable from that in six healthy age-matched
subjects (runs in 5/9 and 4/9 patients with velocity A
and B, respectively). From these runs, we selected accu-
rate trials, defined as those with an absolute error less
than 50 ms, and determined the absolute difference in
error between each accurate trial and its subsequent
trial with and without concurrent DBS. In an ANOVA
with two main effects, DBS (two levels: stimulator off
and stimulator on), and velocity (target velocity A and
target velocity B), the main effect DBS was significant
(F[df 1,7] = 7.916 and p = 0.026), with the absolute differ-
ence in error between each accurate trial and the subse-
quent trial being 47% 6 18% greater during stimulation
(Figure 4D). There was no interaction between DBS and
target velocity. For inaccurate trials, defined as those
with an absolute error greater than or equal to 50 ms,
the absolute difference in error between each trial and
subsequent trial was 23%6 6% greater during stimula-
tion. Overall, the error in task performance, given by the
median error within all trials, increased by 32% 6 14%
during DBS (p = 0.048 and single-sample t test, n = 9).
Discussion
The results indicate that error is analyzed or transmitted
at short latency in the STN and that it is weighted by
a steep, approximately logarithmic, function so that by
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or greatest accuracy. The evoked activity in the STN
then influences the programming of the next movement
so that parameters are less likely to change after the
greatest LFP responses. In behavioral terms, this will
mean that accurate trials are more likely to be followed
by similarly accurate trials and the disruption of this re-
lationship by local stimulation at high frequency pro-
vides direct behavioral evidence in support of involve-
ment of the STN in feedback-based modulation of
motor performance in humans. The cerebellar system
has also been implicated in the optimization of motor
performance in response to feedback but with the im-
portant difference that an increase of trial error rather
than accuracy activates the cerebellum [12]. However,
our data do not exclude additional error-monitoring pro-
cesses, particularly because there were some periods
during which correlations between STN evoked activity
and error were not sustained (Figure S3).
The STN’s influence over motor output was almost in-
stantaneous, with subthalamic processing of feedback
from one movement helping to dictate the selection of
parameters for the next movement. These human data
thus closely parallel the recently identified function
of the basal-ganglia-cortical circuit’s avian equivalent,
the anterior forebrain pathway, in directing real-time
changes in song [13]. They point to a role for the basal
ganglia in constraining of the selection of motor param-
eters in future movement in the light of feedback indica-
tive of accurate responses and might help explain de-
ranged voluntary movement in basal ganglia diseases
such as dystonia.
Experimental Procedures
Patients and Surgery
All Parkinson’s disease patients were right handed and nonde-
mented. Their clinical details are summarized in Table S1. Patients
took part with informed consent and the permission of the local
ethics committees. They underwent simultaneous bilateral implan-
tation of DBS electrodes in the STN. The DBS electrode used was
model 3389 (Medtronic Neurological Division, Minneapolis, MN)
with four platinum-iridium cylindrical surfaces (1.27 mm diameter
and 1.5 mm length) and a contact-to-contact separation of 0.5
mm. Target coordinates were based on direct visualization of the
STN in the individual stereotactic T2-weighted MRI. DBS-electrode
location was confirmed in all but one side in one patient by intraoper-
ative direct macrostimulation and immediate postoperative stereo-
tactic MRI (Figure S1) or CT, with fusion to the preoperative MRI
(cases 1–4). The right side in case 3 was found to be suboptimally
placed on postoperative MRI, and data from this side (which did
not show a correlation between trial error and evoked LFP activity)
were rejected from group analysis. Microelectrode recordings
were also performed so that targeting in cases 5–15 could be
confirmed.
Paradigm
The paradigm was a modification of Papakostopoulos’s skilled per-
formance task [14]. Each patient was engaged in a ‘‘game’’ in which
they started the movement of a spot on a computer screen (25 cm by
19 cm) by depressing a button device held in one hand and then, as
accurately as possible, stopped the spot as it crossed a target line in
the middle of the screen by depressing a second button device held
in the other hand. Subjects were seated in a chair approximately
0.5 m from the PC screen. Button presses were self-paced, although
the program did not allow spot movement to be initiated until at least
1.5 s had elapsed from the last click. Between trials, the spot rested
7.3 cm in from the left-hand edge of the screen and during trials
moved with a velocity that was either 14.6 cm/s (velocity A) or17.1 cm/s (velocity B). Each block consisted of 20 trials, and blocks
were repeated five to seven times with one hand stopping the spot
trajectory. The procedure was then repeated with the other hand
stopping the spot trajectory. The order of left and right hands was
randomized across subjects. Blocks were separated by 20–30 s
rest. Spot velocity was fixed for a run of blocks, for example, with
the left hand stopping the spot trajectory and changed for the next
run of blocks. The selection of spot velocities was counterbalanced.
The mean number of trials recorded in patients was 119 (range 98–
140) after rejection of those trials in which the spot trajectory was
terminated greater than 500 ms after crossing the target line
(mean of two, range 0–13 trials). Each subject performed a short
practice run of five trials before the recordings were started.
Recordings
Recordings were made with patients on their usual antiparkinsonian
medication 4–6 days postoperatively. STN LFPs were recorded bi-
polarly from the four adjacent contacts of each DBS electrode (con-
tact pairs 01, 12, and 23). Signals were cut-off filtered at greater than
300 Hz and less than 1 Hz and amplified (3100,000) with 1902 ampli-
fiers (Cambridge Electronic Design, Cambridge, UK) and then sam-
pled at 1 kHz and recorded through a 1401 A-D converter (Cam-
bridge Electronic Design) onto a computer with Spike2 software
(Cambridge Electronic Design) and monitored online.
Stimulation
Nine patients (cases 7–15 in Table S1) were studied at least 6 months
postoperatively once they had been stabilized on their therapeutic
high-frequency electrical-stimulation regimes. Patients were on
their usual antiparkinsonian medication. The same paradigm and
two spot velocities were tested as above but on and off bilateral
DBS in a balanced pseudorandomized design. These patients only
performed the task with the dominant hand stopping the target tra-
jectory. Trials were started approximately 20 min after DBS was
turned on or off. Stimulation contacts, amplitude, and pulse duration
were the same as utilized for therapeutic high-frequency stimulation
in each subject. The task was also repeated in six healthy age-
matched subjects (mean age: 62.5 and range: 52–69 years).
Analysis
Correlations between evoked LFP amplitude at a given time point
(from 0.001–1 s) after stopping of the spot and log absolute error
were estimated across all trials in each run. The run of trials (left or
right hand stopping the spot) with the highest correlation was se-
lected for further analysis for a given side. Correlations were consid-
ered significant if p was less than or equal to 0.001 across trials. This
level was chosen because it equated to a biologically meaningful co-
efficient of determination, r2, of 0.1 with 100 trials, and it compen-
sated for the multiple bins (1000) over the time period of interest,
so only one sample would be expected to reach significance by
chance. Significant bins in these runs were given a value of 1 and
nonsignificant bins were given a value of 0, and the percentage of
significant bins averaged across sides was determined. Thereafter,
the summary data were smoothed (moving average of 12 bins) and
the upper 95% confidence limit calculated for the average during
the 1 s after the stopping of the target trajectory. This was used so
that the presence and timing of peaks in correlations across time
could be confirmed. Peaks were defined as ten or more consecutive
points above the control limit, and their onset and offset were de-
fined as the times of crossing the upper confidence limit. Thus, to
be determined significant, correlations had to both exceed p less
than or equal to 0.001 in individual runs for a given side and to cluster
in time across sides. We used the correlation between evoked activ-
ity and error in trials rather than the conventional averaged evoked
activity waveform (Figures S2A and S2B) after the stopping of the
target to link evoked LFP activity to performance because the former
was better suited to our experimental conditions. Significant fea-
tures in both waveforms would imply an effect of the triggering event
(target stopping) in a specific time window, but the correlation wave-
form is enhanced rather than degraded by trial-to-trial variation in
the contextual significance of the triggering event and, conse-
quently, the amplitude of the evoked activity (Figure S2C). Thus,
where performance is consistent, both correlation and conventional
averaged waveforms will have significant features, but when
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significant features in the absence of an averaged potential.
Four patients repeated the task without vision-dependant feed-
back at the end of the recording. They were asked to produce button
presses at similar intervals to those earlier in the experiment (i.e.,
with the intention of stopping the spot trajectory on the target
line), while the PC screen was turned off. Absolute errors in these
runs exceeded those in corresponding runs made with vision-
dependant feedback, despite the previous practice. Thus, only those
trials with absolute errors less than the mean error + one SD in feed-
back blocks were averaged for each run, providing that such trials
were greater than or equal to 18 (not satisfied on three sides). The
run with the highest correlation was selected per side, and averaged
across sides (five sides, 41 6 14 trials each). An additional control
experiment was performed in three cases (five sides because the
right LFP was rejected in case 3 as a result of suboptimal targeting,
93 6 7 trials each). The patient was asked to concentrate on a PC
screen while the examiner, being unseen by the patient and taking
care to match performance to that achieved earlier by the patient,
performed the standard visuomotor task. The subject was asked
to relax their hands and assess (‘‘in their mind’’) the distance be-
tween the target line and the site at which the spot stopped its tra-
jectory. There was no difference in mean error between runs with
and without self-generated movement in the same subject (two-
tailed paired t test, p = 0.199).
In the nine patients studied during bilateral STN stimulation, the
absolute difference in error between each trial and the next was de-
termined. The median absolute error in the next trial was calculated,
separately for trials on and off DBS, for accurate trials, defined as
those with an absolute error of less than 50 ms.
All data, including correlation coefficients, were normally distrib-
uted as confirmed by the one-sample Kolmogorov-Smirnov test
(SPSS for Windows, SPSS Inc., Chicago, IL). Correlations were per-
formed with Pearson’s correlation test. Group data were compared
by Student’s t test or ANOVA, and the results considered significant
if p was less than or equal to 0.05 after correction for multiple testing
with the false-discovery-rate procedure.
Supplemental Data
Supplemental Data include three figures and one table and can be
found with this article online at http://www.current-biology.com/
cgi/content/full/16/21/2129/DC1/.
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